This study investigated the effect of Astragalus polysaccharides (APS) on radiation-induced bystander effects (RIBE) in human bone mesenchymal stem cells (BMSCs) induced by irradiated A549 cells.
Background
Radiotherapy can significantly decrease the recurrence rate of lung cancer, especially that of non-small cell lung cancer at early stage [1] . However, the radiation-induced bystander effects (RIBE) are one of the major problems of radiotherapy [2] . RIBE is a phenomenon in which unirradiated cells exhibit irradiated effects as a result of receiving signals from nearby irradiated cells [3] . Studies demonstrate that soluble cytokines induced by radiation [4] can promote the release of ROS, which can induce DNA double-strand breaks (DSB) and genomic instability [5] . Thus, the neighboring cells or distant tissues outside the direct radiation exposure field present the same biological endpoints of radiation such as DNA damage, [6] chromosome aberrations, [7] cell death [8] , and gene mutation [9] .
BMSCs are multipotent cells with self-replicative, regenerative, and immunomodulatory properties [10] [11] [12] and they can migrate to the inflammation site, injury tissue, and even tumors, including lung cancer [13] [14] [15] [16] . Notably, dysregulated expression of the oncogenes and tumor suppressor genes and the chromosomal abnormalities were observed in BMSCs that were co-cultured with tumor cells [17, 18] , indicating that the BMSCs may be damaged by the adverse environment. However, the possible damage to BMSCs during the radiotherapy of lung cancer is unclear so far.
Astragalus polysaccharides (APS), a major active ingredient of Astragalus membranaceus [19] , has various bioactivities, such as immunoregulatory, antiviral, hypoglycemic, antioxidant, and anti-tumor properties [20, 21] . The anti-inflammatory properties of APS as well as its protective effects on various organs [22, 23] and its anti-oxidation effects have been investigated extensively [24] [25] [26] . During the radiotherapy of lung cancer, the anti-apoptotic effects of APS were observed [27] . However, its protective effects against damage to BMSCs induced by RIBE have not been reported.
In the present study, A549 cells were irradiated with X-rays and then co-cultured with BMSCs to induce RIBE in BMSCs. The effects of APS on proliferation, genomic instability, and DNA damages of BMSCs in RIBE were investigated. The underlying mechanisms were analyzed and discussed.
Material and Methods

Cell lines and cell culture
BMSCs (ScienCell Research Laboratories, San Diego, CA, USA) were cultured in mesenchymal stem cell medium (ScienCell Research Laboratories) and maintained in a 5% CO 2 humidified incubator (Thermo Scientific, NC, USA) at 37°C. A549 cells (Cell Bank, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences; Cat# TCHu150, China) were cultured in DMEM/F-12 medium (Gibco, 12500-062, USA) supplemented with 10% fetal bovine serum (Hyclone, USA), 100 units/mL penicillin, and 100 mg/mL streptomycin and maintained in a 5% CO 2 humidified incubator (Thermo Scientific) at 37°C.
Irradiation
A549 cells were irradiated in a laboratory RX-650 X-ray system (Faxitron, Tucson, AZ, USA). The X-ray energy was kept at 100 kVp and the dose rate was about 0.6 Gy/min (100 KeV, 5 mA). The total absorbed dose was 2 Gy. All irradiations were performed at room temperature.
Collection of conditioned medium
A549 cells were cultured to 80% confluency and the medium was replaced with mesenchymal stem cell medium before irradiation. Medium was harvested at 0 h, 0.5 h, 2 h, 3 h, 6 h, 8 h, and 12 h after irradiation. Conditioned medium was obtained after centrifugation at 1000 rpm for 5 min.
Groups
BMSCs were divided into 4 groups. BMSCs cultured with mesenchymal stem cell medium served as the blank control group. BMSCs cultured with mesenchymal stem cell medium supplemented with 50 g/mL APS (Shanghai Yuanye Biological Technology Company ZD1219LA13, China; with purity >98%) for 3 d served as the APS medium group (APS group). BMSCs cultured with conditioned medium (collected at 3 h after irradiation) served as the conditioned medium group (CM group). BMSCs cultured with mesenchymal stem cell medium rich in 50 g/mL APS for 3 d and then cultured with conditioned medium (collected at 3 h after irradiation) served as the APS and conditioned medium group (APS+CM group). The culture supernatant of each experiment group was collected at 0 h, 3 h, 6 h, 9 h, 12 h, 15 h, and 18 h after co-culturing with conditioned medium.
CCK-8 assay
The CCK-8 assay kit (Dojindo, Japan) was used to detect cell viability according to the manufacturer's instructions. 
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Cell colony formation assay After treatment, BMSCs in single-cell suspension were seeded into 60-mm culture dishes and cultured with 5% CO 2 at 37°C. The total number of the cells were 100 in each dish. The cells were cultured for 14 d to form colonies. Colonies were fixed in 1.0% crystal violet and 0.5% glacial acetic acid in ethanol. Colonies of at least 50 cells were defined as surviving cells. Percentage of surviving colonies were calculated using the one-hit multi-target formula.
Micronucleus assay
The micronucleus (MN) number of BMSCs in each group was measured by Cytochalasin B assay after co-culturing for 24 h. Briefly, cells were cultured in medium with Cytochalasin B (0.25 mg/mL, Solarbio, China, Cat# 18w346) for 48 h, fixed with Carnoy's fluid for 15 min at room temperature, stained with acridine orange (30 mg/mL), and then observed by fluorescence microscopy. At least 500 binucleate cells were calculated for each group.
Immunofluorescence staining
The number of P53-binding protein-1 (53BP1) foci in each group at 0.5 h, 2 h, 6 h, 12 h, and 24 h of co-culturing was measured by immunofluorescence staining assay as reported previously [28] . Briefly, cells of each group were fixed in 4% polyformaldehyde for 15 min and permeabilized in PBS with 0.5% Triton-X 100. After blockage with 5% non-fat milk for 1 h, cells were incubated with mouse monoclonal anti-53BP1 antibody (Abcam, Cat# ab36823, UK) for 2 h at room temperature. After incubation with Alexa Fluor ® 594 anti-mouse antibody (Molecular Probes, USA) for 1 h at room temperature, cells were counter-stained with DAPI (Invitrogen, Cat #P36941) and observed with a fluorescent microscope (Nikon, Tokyo, Japan). At least 100 cells were calculated in each group.
ELISA
The levels of TGF-b (human TGF-b1 ELISA Kit; Neobioscience Biotech Co., Ltd., Shenzhen, China; Cat# H150522-107b) and ROS (human ROS ELISA Kit; Westang Bio-tech Co., Ltd., Shanghai, China; Cat # F02471) in the conditioned medium and the culture supernatant of each group were detected by ELISA kits following the manufacturer's instructions.
Western blot
Cells at 6 h and 12 h of co-culturing were lysed in RIPA buffer (Beyotime, Cat# P0013C, China). Proteins were separated by 10% SDS-PAGE and transferred to a methanol-activated PVDF membrane (Millipore, Cat# IPVH00010, USA).The membrane was blocked for 1 h in PBST containing 5% milk and subsequently probed with p38 antibody (ImmunoWay, Cat# B6201, USA), JNK antibody (ImmunoWay, Cat# B4001,USA), ERK1/2 antibody (Cat# ImmunoWay, B2601, USA), cyclooxygenase-2 (COX-2) antibody (ImmunoWay, Cat#B7301, USA), phosphorylated p38 antibody (ImmunoWay, Cat# B4401, USA), phosphorylated JNK antibody (ImmunoWay, Cat# B6701,USA), phosphorylated ERK1/2 antibody (Immunollay, Cat#B0001, USA), and GAPDH antibody (Abcam, Cat# ab9485, USA) for 2 h. After 1 h incubation with goat-anti-mouse HRP-conjugated secondary antibody (Abcam, Cat# ab97051, USA), the protein bands were detected with luminal reagent (Millipore, Cat# WBKLS0500, USA). Their relative intensities were quantified using Adobe Photoshop software (Adobe Systems Inc., San Jose, USA).
Statistical analysis
Each in vitro experiment was repeated at least 3 times, and the data were analyzed by SPSS (v13.0). The statistical significance was calculated by one-way ANOVA or by the t test. P<0.05 was considered significant.
Results
Inhibitory effect of conditioned medium on cell viability of bystander cells and the protective effects of APS
To determine the effect of APS on cell viability of bystander cell BMSCs, CCK8 assay and cell colony formation assay were performed. The cell viability ( Figure 1A ) and percentage of surviving colonies cellular colony rate ( Figure 1B ) of bystander cell BMSCs was distinctly inhibited by conditioned medium (P<0.05) compared with the control group and APS group. There were no differences between the control group and APS medium group (P>0.05). Additionally, cell viability ( Figure 1A ) and percentage of surviving colonies ( Figure 1B ) of the APS+CM group was significantly higher than in the CM group (P<0.05). These data show that APS has protective effects on cell survival of bystander cells against conditioned medium.
Genomic instability of bystander cells induced by conditioned medium and the protective effects of APS
To investigate the effect of APS on genomic instability of BMSCs, MN formation and 53BP1 foci were measured. At 24 h after coculturing, the MN frequency was significantly higher in the CM group than in the control group (Figure 2A) The 53BP1 foci, a widely used marker of DSBs, were measured at 0.5 h, 2 h, 6 h, 12 h, and 24 h of co-culturing ( Figure 2B ). In general, the 53BP1 foci number increased sharply from 0 h to 2 h, decreased gradually from 2 h to 24 h in bystander cells, and decreased to the control levels at 24 h. The 53BP1 foci numbers at each time point (0.5 h, 2 h, 6 h, and 12 h) were significantly higher in the CM group than in the control group (P<0.05). At 0.5 h, 2 h, and 6 h, the cellular 53BP1 foci number in the APS+CM group was significantly lower than that in the CM group (P<0.05). Figure 2C shows a representative image of the 53BP1 foci in each group at 2 h. 
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These results suggest that there is genomic instability in BMSCs and that APS has protective effects on cell genomic instability of bystander cells against conditioned medium.
The MAPK/NF-kB signal pathway is activated in bystander cells and APS regulates the protein expression of this pathway
To check whether MAPKs and NF-kB signaling pathways are involved in the RIBE in the BMSCs, the expressions of JNK, ERK, p38, and NF-kB were measured by Western blot. After treatment with conditioned medium, the levels of total JNK, ERK, P38, and NF-kB proteins were not obviously altered at 6 h or 12 h (Figure 3 ).
Reversible phosphorylation of proteins is an important regulatory mechanism that occurs in prokaryotic and eukaryotic organisms. Many enzymes and receptors are switched "on" or "off" by phosphorylation and dephosphorylation [29] . Next, we tested the phosphorylation levels of MAPKs-related protein and p-NF-kB (p-P65). As shown in Figure 3A , compared with the control group, the p-JNK/JNK fold change was increased, with a peak value at 6 h after treatment with conditioned medium and was downregulated at 12 h. Compared with the CM group, the APS+CM group significantly decreased the p-JNK/JNK fold change at 6 h but increased p-JNK/JNK fold change at 12 h (P<0.05). As shown in Figure 3B -3D, after treatment with conditioned medium, the p-ERK/ERK, p-P38/P38, and p-NF-kB/NF-kB fold change in the CM group was increased more at 6 h than in the control group (P<0.05). The APS+CM group had significantly decreased p-ERK/ERK, p-P38/P38, and p-NF-kB/NF-kB fold change than in the CM group (P<0.05). There was no significant change at 12 h.
These findings demonstrate that proteins in the MAPK and NFkB signal pathways are in bystander cells and APS could regulate the level of these phosphorylated proteins.
The expression level of COX-2 increases in bystander cells and APS inhibits this increase
We further detected the expression of COX-2 by Western blot. The result showed that treatment with conditioned medium significantly increased the level of COX-2 at 6 h compared with the control group (P<0.05) ( Figure 4A, 4B) . APS reduced the protein expression of COX-2 at 6 h (P<0.05). There was no significant change at 12 h. Thus, APS could inhibit COX-2 expression induced by RIBE in bystander cells.
The relative concentrations of ROS and TGF-b
The levels of ROS and TGF-b were detected by ELISA. Figure 5A shows the relative concentrations of TGF-b in conditioned medium. After radiation, the concentrations of TGF-b in A549 supernatant were gradually increased from 0 h to 12 h. After radiation, the concentrations of ROS in A549 supernatant (
Figure 5B) first increased sharply and then decreased gradually. At 3 h, the concentrations of ROS reached the peak. Thus, the conditioned medium at 3 h was collected. In the supernatant of the control group and APS group, the ROS level maintained at a baseline level ( Figure 5C ). In the CM group and APS+CM group, the ROS expression first increased and then decreased, and at 9 h the ROS expression reached the peak. CM group had significantly higher levels of ROS than in the control group or APS group at all detected time points (P<0.05).
Compared with the CM group, APS+CM had significantly lower levels of ROS at 3 h, 6 h, and 9 h (P<0.05). These results show that the levels of ROS and TGF-b are increased in conditioned medium and the culture supernatant of bystander cells, and 
Discussion
More than half of cancer patients undergo radiotherapy for treatment of cancer [30] , especially lung cancer, which is a serious malignancy in China, with the highest morbidity and mortality [1] . However, RIBE may occur during radiotherapy [31, 32] . One important consequence of RIBE is the DNA damage in bystander cells, such as DSB and MN formation, [33, 34] which are known to induce genome destabilization. 53BP1 can activate the signaling pathways of DSB [35] , which leads to cell-cycle delay, apoptosis, and senescence, and is critical for maintaining genomic stability. MN is a kind of abnormal structure in eukaryotic cells and is a form of chromosome aberration in interphase cells [36] ; it is often caused by various physical and chemical factors, such as radiation and chemical agents. Thus, MN is a representative index for radiation damage. In the present study, the survival rate of bystander cells treated with conditioned medium was lower. The MN formation frequency and its 53BP1 foci number in bystander cells treated with conditioned medium were higher. This indicates that cell growth slows and the genomic instability is enhanced in bystander cells after treatment with conditioned medium. This is accordance with others studies [37, 38] . In the present study, APS had protective effects on cell survival level of bystander cells against conditioned medium and maintained the stability of the genome through decreasing 53BP1 foci number and MN formation.
The MAPK pathway is an important pathway that is involved in radiation responses and mediates bystander cells [39] . The MAPK pathway plays a role in eliciting specific biological responses through transmitting stress signals from the cell surface to the nucleus [40] and is related to cellular events such as proliferation, senescence, differentiation, and apoptosis. [41] [42] [43] [44] . Three primary MAPK families have been widely characterized: the ERK1/2 pathway, the C-Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK) pathway, and the p38 kinase pathway. MAPK can be activated in response to radiation-induced NF-kB activation and DNA damage [45] and activated in bystander cells by ROS released from activated radiation cells [46, 47] . In the present study, the expression of phosphorylated p38, JNK, ERK1/2, and P65 proteins were increased in bystander effect cells treated with conditioned medium only at 6 h, which indicates that the MAPK/NF-kB pathway is activated in bystander cells at this time. This result is consistent with other reports [37, 38, 46] . After treatment with APS, p-ERK/ERK, p-P38/P38, and p-NF-kB/NF-kB fold change was decreased. These findings demonstrate that proteins in the MAPK and NF-kB signal pathways are activated in bystander cells and APS can regulate the level of these phosphorylated proteins.
COX-2, the inducible form of cyclooxygenase, is activated by growth factors and cytokines to catalyze the conversion of arachidonic acid to prostaglandins [48] . A previous study showed that COX-2 is an important mediator of bystander effects. P38/MAPK signaling pathways have been implicated in COX-2 upregulation [49] . COX-2 has an important role in modulating the inflammatory response [50] , which is often associated with genomic instability and carcinogenesis [51] . Our study shows that COX-2 level was increased in bystander cells treated with conditioned medium only, indicating that COX-2 is invloved in RIBE. APS reduced the protein expression of COX-2 at 6 h, which may be related to the downregulation of the MAPK/NF-kB signal pathway. ROS, downstream products of COX-2, is observed in stress, especially radiation stress, which can be released into medium by irradiated cells and then affects the bystander cells [52] . A high level of ROS may lead to increased DNA damage [53] . In the present study, ROS level in conditioned medium was first increased sharply and then decreased gradually and reach the peak at 3 h. Then, the conditioned medium at 3 h was collected and used to culture the bystander cells. Thus, the BMSCs could be stimulated by the ROS in the conditioned medium. TGF-b is sensitive to radiation stress [54] and is increased in a dose-dependent manner in irradiated rat liver [55] . It has been reported that TGF-b is directly involved in radiation responses [56] . Moreover, TGF-b has been found to be one of the RIBE mediators [57] [58] [59] . For example, TGF-b is related to radiationinduced DSB [60] and may induce the release of ROS [57] . In the present study, we found that TGF-b level in conditioned medium were increased, which may activate the intracellular MAPK signaling pathway and increase the release of ROS in bystander cells. This is the other source of the ROS that stimulated BMSCs. So, both ROS transferred from conditioned medium and newly generated ROS in bystander cells could lead to increased DNA damage. We found that APS strongly inhibited the level of ROS in bystander cells, showing that APS can reduce oxidation level, as was also reported by Sun et al. [61] .
Previous studies have shown that APS inhibits both the mitochondrial injury caused by the continuous production of free radicals and selective oxidative damage, which is commonly associated with fatigue [62, 63] . APS is thought to protect mitochondrial function by scavenging ROS [61] . A previous study suggested that APS may be used as a new target in reducing hyperpigmentation through the ERK signal pathway [64] and can regulate the TLR4/NF-kB signaling pathway to inhibit cell damage caused by TNF-. In the present study, APS attenuated the growth inhibition of bystander cells and reduced genomic instability (such as alleviating MN and 53BP1 increase) induced by RIBE, which may be related to downregulation of the MAPK-related protein phosphorylation, COX-2 expression, and ROS level.
Conclusions
Our results demonstrate that RIBE in BMSCs is mediated by ROS in the conditioned medium released by irradiated A549 cells and by bystander BMSCs, which is induced through activation of MAPK/NF-kB pathways in BMSCs. APS blocks RIBE through regulating the MAPK/NF-kB pathway. The MAPK signaling pathway is probably one of mechanisms underlying the anti-RIBE of APS ( Figure 6 ). ROS released by the irradiated cells and the bystander cells can inhibit cell growth, induce DNA DSB, and cause genomic instability. The activated MAPK pathway synergistically increases cellular injury. APS might decrease RIBE through regulating the MAPK/NF-kB pathway. Our findings may provide experimental evidence for the use of APS in the prevention of RIBE during radiotherapy for lung cancer. Physics, Chinese Academy of Sciences, Lanzhou 730000, China) for their kind help with laboratory equipment.
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COX-2 P NF-κB P38 ERK JNK P P P APS TGF-β Figure 6 . A model of RIBE in this study. In summary, the ROS delivered from irradiated cells and bystander cells can inhibit cell growth, induce DNA DSB, and cause genomic instability. The activated MAPK/NF-kB pathways synergistically increase cellular injury. APS might block RIBE through regulating the MAPK/NF-kB pathway. 
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